The cells of acidophilic iron-oxidizing bacteria (Thiobacillus ferrooxidans) were immobilized using five kinds of polymers (photo-crosslinkable resin, agar, calcium alginate, ic-carrageenan, and gelrite) as gel matrix, and the characteristics of cell immobilization were revealed. Among these gels, gelrite showed promise for application in iron oxidation under strongly acidic conditions. In continuous cultures of iron-oxidizing bacteria immobilized in gelrite beads, a steady state of strong iron oxidation was maintained for a month. The thick layer of iron-oxide precipitates was formed around reddish-brown "activated beads" that harbored a large number of iron-oxidizing bacteria and were the sources of cells living in the liquid phase.
Acidophilic iron-oxidizing bacteria (Thiobacillus ferrooxidans) can be applied to the improvement of acid mine waters, a serious acid pollutant of the environment, from pyritic mine area (6, 7) . In the neutralizing system of acid mine water, the bacteria work as a biocatalyst to oxidize ferrous to ferric iron in the water; next, the ferric iron formed is neutralized by the addition of calcium carbonate (9) . At the step of iron oxidation in such a system, a high density of cells of iron-oxidizing bacteria is essential for rapid iron oxidation.
Immobilization technology of various kinds of enzymes and cells has rapidly developed and been used as an effective biocatalyst for various applications (1) (2) (3) (4) (5) 8) . Immobilization of whole cells is characterized by stable maintenance of an extremely high density of living cells in and/or on the immobilized gel matrices. Therefore, immobilized cells are available effectively over a longer period in the systems having a small number of free living cells.
Little information exists on the immobilization of iron-oxidizing bacterial cells. In the present study, we tried to assess the potential capacity of some kinds of VOL. 40 synthetic and natural polymers as gel matrix to entrap a high density of ironoxidizing bacterial cells and to use the cell-immobilized gel beads for rapid and stable iron oxidation under strongly acidic conditions.
MATERIALS AND METHODS
Bacteria. Thiobacillus ferrooxidans strain Fe-1 (JCM 7811), originally isolated from the acid mine water of the abandoned Matsuo sulfur and iron-sulfide mine, was used throughout this study (12) .
Medium and culture conditions. For the cultivation of T. ferrooxidans, FeSO4 (5,000ppm Fee)-9K basal salts medium (pH 2.0) of Silverman and Lundgren (10), referred to as FeSO4-9K medium, was used unless otherwise noted. The composition and preparation procedures of the medium were the same as described previously (13) . A large volume of the culture of T, ferrooxidans was made using 3-l FeSO4-9K medium in a 3-l flat-bottom flask under forced aeration for 3-4 days. Cultivation was carried out at 30°C.
Preparation of cell suspension. After cultivation of the bacteria followed by centrifugation at 1,500 X g for 10 min to remove iron precipitates, the bacterial cells in the supernatant were harvested by centrifugation at 12,000 X g for 10 min. The resulting cell pellet was washed three times with sulfuric acid water (pH 1.5) and then twice with sterilized water, and finally resuspended in a small volume of sterilized water.
Iron analysis. Iron was analyzed by the a,a'-dipyridyl method (13) and iron oxidation was expressed as the ratio of ferric to total iron (%).
Preparation of immobilized cells.
(a) Photo-crosslinkable resin: Photo-crosslinkable resin prepolymer ENT-2000 (10 g) (Kansai Paint Co., Osaka, Japan) was mixed with the cell suspension (5 ml), and polymerized in the presence of an photo-sensitizer (0.1 g) by illumination with near-UV light for 3 min. After the treatment, the formed gel plate, about 1-mm thick, was cut into small 3-mm2 pieces (11) .
(b) Calcium alginate: Two grams of sodium alginate (Kanto Kagaku Kogyo Co., Tokyo, Japan) were dissolved by heating in 99 ml of 9K basal salts medium (pH 2.0) and, after cooling to 25-30°C, 1 ml of cell suspension was added to it. The mixture was added dropwise into 10% CaCl2 solution using a 10-ml glass syringe with a needle (21G X 38 mm). The formed gel beads, with a mean diameter of 3.7 mm, were washed with sterilized water.
(c) ic-Carrageenan: One gram of /c-carrageenan (Chuokasei Co., Tokyo, Japan) was dissolved by heating at 80°C in 49 ml of 9K basal salts medium (pH 4.0) and, after cooling to 45-50°C, 1 ml of cell suspension was added to it. The mixture was added dropwise to a 2% KCl solution at 20°C with gentle stirring using the same glass syringe with a needle. ic-Carrageenan gel beads (4.0 mm mean diameter) which entrapped a large number of cells were formed. The beads were washed with sterilized water. was dissolved by heating in 49 ml of 9K basal salts medium (pH 4.0) and, after cooling to 50°C, 1 ml of cell suspension was added to it. The mixture was dropped to liquid paraffin using the same syringe. The formed gel beads (4.1 mm mean diameter) were collected and washed with sterilized water.
(e) Gelrite: A half gram of gelrite (gellan gum) (Kelco Division of Merck & Co., Inc., CA, U.S.A.) was dissolved by heating in 49 ml of 9K basal salts medium (pH 4.0) and, after cooling to 45°C, 1 ml of cell suspension was added to it. The mixture was dropped into liquid paraffin using the same syringe and the formed gel beads (4.0 mm mean diameter) were washed with sterilized water.
Cell count. Cell numbers were counted with a bacterial counting chamber (Erma Optics Co., Tokyo, Japan) under a phase-contrast microscope. Total bacterial cells of gel beads prepared using ic-carrageenan and gelrite were counted microscopically after completely dissolving the whole beads in 1 % di(hydroxyethyl)glycine (DHEG) solution (pH 8.0) by vigorous shaking. The cell numbers in surface iron-oxide precipitates were counted after dissolving only the precipitates in the DHEG solution by gentle shaking. The chelating agent was also used to count total cells of liquid cultures containing iron-oxide precipitates. The differences between the total and surface cell numbers of beads were regarded as cells in gel matrix. Determination of bead size. Two procedures were used for determination of the average size of the beads. (a) Direct determination: A millimeter-scale Nonius was used to measure the bead diameter from a hundred of randomly chosen beads. Thickness of surface precipitate around the bead was also measured using the bead section cut by a razor. (b) Indirect determination: A hundred washed beads were placed into a 25-m1 mess-cylinder containing 10 ml of water and the resulting total volume was measured. The bead volume and bead diameter were calculated from the increment of the liquid volume (total volume minus 10 ml) assuming that the beads were spherical.
Batch experiment. The gel beads entrapping a large number of cells were added in a 500-m1 flat-bottom flask containing 100 ml FeSO4-9K medium and incubated on a reciprocal shaker operating at 120 rpm with a 7-cm amplitude.
Continuous experiment. Iron oxidation by the beads entrapping ironoxidizing bacteria was carried out using the continuous reactor shown in Fig. 1 . A 500-ml Erlenmeyer flask with an effluent outlet was used as a culture vessel and working volume was maintained at 360 ml. Adequate mixing was performed using a magnetic stirrer. The cultivation was made by supplying the medium continuously to the reactor while simultaneously withdrawing the spent broth containing the cells and the metabolites such as ferric iron and iron-oxide precipitates. The culture conditions were as follows: medium, FeSO4-9K medium; feeding rate, 7.5-30 ml/h; aeration, 1,500-3,400 ml/min; temperature, 30° C. VOL. 40
RESULTS

Immobilization by photo-crosslinkable resin gel
Iron oxidation was completely inhibited when all the pieces prepared from 5 g photo-crosslinkable resin gel pieces (1 X 3 X 3 mm3) entrapping 3.2 X 1010 cells were added to 100 ml FeSO4-9K medium in a 500-m1 flat-bottom flask and cultivated by shaking for a week. No iron oxidation was observed when the resin gel pieces without bacterial cells or when the resin prepolymer solution was present in the medium inoculated with iron-oxidizing bacteria. The photo-sensitizer itself did not show any inhibitory effect on bacterial iron oxidation. Even after thoroughly washing with distilled water of the resin gel pieces entrapping 5 X 1010 cells/g of resin, the inhibition of iron oxidation was not recovered. These results revealed that the photo-crosslinkable resin prepolymer was unsuitable for immobilization of T, ferrooxidans cells.
Immobilization by calcium alginate gel Three hundred calcium alginate gel beads (3.7 mm mean diameter) containing 5.3 X 108 cells/bead (2 X 1010 cells/ml of gel) were cultivated in the FeSO4-9K medium. The alginate gel beads required about 5 days for complete iron oxidation and the whole surfaces of the beads were covered with reddish-brown iron-oxide precipitates. The gel beads were rapidly dehydrated, shrunk to small balls with a mean diameter of 1.8 mm, and easily broken down.
Immobilization by agar gel
Agar was not inhibitory to iron-oxidizing activity of T, ferrooxidans. However, agar gel beads easily came apart during cultivation under strongly acidic conditions (pH 2-4). 1, air inlet; 2, pump; 3, cotton filter; 4, humidifier (sterilized water); 5, peristaltic pump; 6, feeding medium reservoir; 7, culture vessel (500-mi Erlenmeyer flask); 8, magnetic stirrer and stirring bar; 9, air outlet; 10, effluent outlet; 11, effluent receiver.
Immobilization by tc-carrageenan gel Two hundred and fifty /c-carrageenan gel beads (4.0 mm mean diameter) containing 1.1 X 108 cells/bead (3.3 X 109 cells/ml of gel) were incubated by shaking in the FeSO4-9K medium. When iron oxidation ratio reached about 100%, the cell-immobilized beads were harvested, washed twice with sterilized water, and transferred to fresh FeSO4-9K medium. After the end of the second complete iron oxidation, the beads were again washed and transferred to a fresh medium. Such oxidation and transferring procedures in batch system were repeated successively ten times (Fig. 2) . In the first and second batch cultures, relatively long times (84-108 h) were necessary for complete iron oxidation. Thereafter, ferrous iron in each batch culture was oxidized in about 48 h. Milky and translucent beads freshly prepared became pale yellow in the first batch culture and then in the second batch culture the beads turned reddish-brown because the surfaces of the beads were covered with iron-oxide precipitates. The diameter of the beads was progressively reduced to 2.0-2.4 mm in ten times of iron oxidation. The number of iron-oxidizing bacteria in the beads increased in small increments, for example, from 4.1 X 108 cells/bead (1.2 X 1010 cells/ml of gel) to 1.5 X 109 cells/bead (4.4 X 1010 cells/ml of gel) after the end of the third oxidation.
Immobilization by gelrite gel
Two hundred and forty gelrite beads (4.1 mm mean diameter) containing 2.1 X 108 cells/bead (6.1 X 109 cells/ml of gel) were added to the Fe5O4-9K medium and cultivated repeatedly ten times by shaking as described in the section on /c-carrageenan gel beads. Iron oxidation in the first batch culture was finished in 30 h, and after the second batch culture iron was oxidized consistently in 45-54 h. At the end of the first oxidation, reddish-brown precipitates were observed over the Ic-carrageenan beads entire surface of the beads. The beads were stable and showed constantly high iron-oxidizing activity during the repeated cultivation. It was revealed that gelrite was the most suitable polymer for immobilization of T. ferrooxidans cells.
Iron oxidation in repeated batch culture of gelrite beads One hundred gelrite beads (3.7 mm mean diameter) containing 2.6 X 108 cells/bead (9.8 X 109 cells/ml of gel) were placed in 100 ml FeSO4-9K medium and the oxidation and transferring procedures in the batch system were repeated continuously 11 times for 33 days. The external appearance of the beads was observed and the cell numbers in the cultures were counted (Fig. 3) .
Even after the end of first batch culture (6 days), translucent and smooth gelrite beads freshly prepared were covered with reddish-brown iron-oxide precipitates over their entire surface ( Fig. 4a and b) . The layers of precipitates were 0.3-0.4 mm thick (Fig. 4c) . At the end of the eighth batch culture, the layer of surface precipitates became thick and the internal gel part of the beads was translucent and brown. At the end of 11th batch culture (33 days), the beads had shrunk to 2.1 mm in mean diameter, and they appeared glassy and hard. The thickness of surface precipitates was increased significantly. As shown in Fig. 3 , at the end of the first batch culture the total cell numbers in the whole beads were increased significantly to 1.9 X 109 cells/bead and then decreased gradually with time. The surface precipitates contained a large number of cells, which was about 90% of the total cell numbers of whole beads and decreased in parallel with the total cell numbers. The cell numbers in the medium were about 2 X 108 cells/ml and relatively constant during the repeated cultivations. From the second to tenth batch cultures, it required 2-3 days for complete iron oxidation. Iron-oxidizing activity of the beads of the 11th batch culture became weak and needed 6 days for complete iron oxidation. The cell-immobilized beads covered with iron-oxide precipitates having high iron-oxidizing activity were tentatively called "activated beads." Figure 5 shows the progressive changes in cell numbers and iron oxidation during the eighth batch culture (19-21 days) indicated in Fig. 3 . Just after 4 h of incubation, the cell numbers in the medium were increased rapidly to 5 X 106 cells/ml irrespective of no iron oxidation, indicating the release of cells from the surface precipitates of beads into the medium. •, iron oxidation cell number/ml of medium. Gelrite beads were collected at the end of the seventh batch culture, washed with water, and cultivated in fresh FeSO4-9K medium (100ml).
Iron oxidation in continuous culture of gelrite beads Seven hundred cell-immobilized gelrite beads (1.0 ) 109 cells/bead) were put in the 500-ml reaction vessel with 360 ml of FeSO4-9K medium and iron-oxidizing bacteria (3 X 1010cells/ml of medium) were also supplemented at the start to prepare activated beads. The culture was pre-incubated with aeration in the batch system without feeding the medium for 2 days. Iron in the medium was oxidized almost completely and the medium became reddish-brown. The activated beads during the pre-cultivation were covered with iron-oxide precipitates and the inner gel of the beads was translucent and pale brown.
After finishing the pre-cultivation, fresh medium was fed continuously according to the conditions described in Fig. 6 . Just after taking out 20-25 beads from the reaction vessel for one analysis, the fresh activated beads prepared in other batch cultures were compensated for in the same number of beads taken out. The cell numbers of both whole beads and culture medium and iron oxidation in the medium were measured for every sampling (Fig. 6) .
The culture maintained reddish-brown during the continuous cultivation at D value 0.5 to 2 (day 1). The diameter (3.3-3.4 mm) of beads became 2.4-2.7 mm at the end of the cultivation. The iron oxidation ratio in the continuous culture during 30 days was observed to be constantly about 95% or more at D values from 0.5 to Gelrite beads with 1 X 109 cells/bead were used. Bacterial cells (3 X 1010cells/ml) were also supplemented in the medium at the start to make activated beads. PC, pre-culture; •, cell number/bead; /, cell number/ml of medium; 0, Fe2+ (ppm) in medium. Volume of reactor medium (V), 360m1; medium, FeSO4-9K medium (pH 2.0; 5,000 ppm Fe2+); feeding, 7.5-30m1/h (v); aeration, 1,500 ml/min for pre-culture (0-2 days) in batch system, 2,600 ml/min (0-24 days) and 3,400 ml/min (24-30 days) for continuous culture; number of beads added, 700 beads (0-24 days) and 1,300 beads (24-30 days) (600 activated beads were supplemented at 24 days); dilution rate (D = v,~V day 1), 0.5 (0-10 days), 1 (10-24 days), and 2 (24-30 days).
2 (day '). Cell numbers in the medium were large, ranging from 10" to 1012 cells/ml of medium. When the D value was changed to 3 (day-') at 30 days, iron oxidation decreased rapidly in a few days and the medium became pale yellow. When the cells of iron-oxidizing bacteria were added into the same reactor instead of the activated beads, iron oxidation stopped after 2 days of cultivation at a D value of 0.5 (day-').
DISCUSSION
The FeSO4-9K medium is strongly acidic (~ pH 2) and contains a high concentration of ferrous iron (5,000 ppm Fee). In addition, iron oxidation always results in production of heavy iron-oxide precipitates in the culture system. Considering these specific conditions to the iron oxidation, gelrite is the best for immobilization of iron-oxidizing bacteria among gel materials tested (photo-crosslinkable resin, agar, calcium alginate, ic-carrageenan, and gelrite).
Immediately after shaking of the iron-oxidizing bacterial cell-immobilized gel beads in the medium, the cells are released from the beads. The free-living cells oxidize ferrous iron and multiply in the medium, followed by the production of a large amount of iron-oxide precipitates. As a result, both a large number of iron-oxidizing bacterial cells and much precipitate are deposited over the entire surface of the beads, forming reddish-brown activated beads with high ironoxidizing activity.
At the start of cultivation, ferrous iron can permeate into fresh cellimmobilized gel beads and promote slightly the growth of iron-oxidizing bacteria inside them. However, the bacterial growth stops immediately after the bead surface is covered with precipitate because ferrous iron can not penetrate the bead. Therefore, bacterial cells living at the surface layer of precipitates of the activated beads are directly related to the supply of bacterial cells and iron oxidation in the medium. Therefore, it is possible that two reversible processes are included in the formation of activated beads and active iron oxidation: separation of bacterial cells from the bead surface and adhesion to the surface of cells grown in liquid medium. In both batch and continuous systems, the activated beads are important as a supplier of free bacterial cells responsible for the promotion of iron oxidation in the liquid phase.
Slimy filamentous microorganisms (SFM) inhabiting the acidic mine water are composed of the cells of acidophilic iron-oxidizing bacteria which are in gelatinous polysaccharides with extremely large amount of water (14) . The SFM is a kind of polymeric matrix-immobilized cells of iron-oxidizing bacteria and has strong ironoxidizing activity, because water, soluble nutrients, and ferrous and ferric iron must be freely diffusable through the gel matrix in running acidic mine water under strongly acidic conditions. On the contrary, the cell-immobilized gel beads used at the present experiment do not permit ferrous iron to diffuse through the gel material into the inner part of the beads because of the iron-oxide barrier around the bead and the hardness of the gel material. If the environmental pH is extremely low (pH 1.0 or less) and the gel beads are covered with no or less iron-oxide precipitates, ferrous and ferric iron could be present in the ionic state and thus diffusable through the gel bead as SFM.
